The present study aimed to test the capability of real-time three-dimensional echocardiography (RT3DE) in characterizing early abnormalities of left ventricular (LV) structure and function in native, untreated hypertensive patients.
Introduction
The heart involvement in arterial hypertension is currently evaluated by standard echocardiography. Measurements of left ventricular (LV) mass identify LV hypertrophy, whereas relative wall thickness categorizes LV concentric or eccentric (normal) geometry. 1 LV hypertrophy is an independent predictor of morbidity and mortality 2 and LV mass reduction induced by antihypertensive therapy improves the prognosis. 3, 4 The importance of LV functional assessment in hypertensive heart disease by traditional methods is more debated. However, the majority of studies in hypertensive cohorts uses measures of LV systolic function derived from standard 2D echocardiography and Doppler indices of LV diastolic function. 5, 6 An innovative evaluation of LV function has recently become available by two-dimensional (2D) speckle tracking echocardiography (STE), a non-Doppler technique that allows to quantify myocardial deformation in the different spatial directions. 7 By this technique, longitudinal strain has been demonstrated to be the first component of systolic deformation to be modified in native hypertensive patients when the LV geometry is still normal but diastolic abnormalities are already detectable. 8 Longitudinal strain is lower in hypertensive patients with than in those without LV hypertrophy. 9 Impaired longitudinal strain is associated with serum tissue inhibitor of matrix metalloproteinase, which suggests that a change in collagen turnover and the myocardial fibrotic process may take place in this early LV dysfunction. 10 Further technological advancement of real-time threedimensional echocardiography (RT3DE) has developed software that tracks the motion of speckles irrespective of their direction and allows to obtain a homogeneous spatial distribution of all three components of the myocardial displacement vector. 7 The main advantage of 3D STE is the possibility of analysing the whole left ventricle from a single volume of data obtained from the apical transducer position. In addition, its use considerably reduces the time duration of analysis to one-third in comparison with 2D STE. 11 3D STE has been already used in patients with and without heart disease 12 and to assess LV mechanical dyssynchrony. 13 There is no information on the applicability of 3D STE to detect early LV systolic dysfunction in the context of untreated arterial hypertension. Accordingly, we evaluated whether 3D STE can be used to assess early LV systolic dysfunction before impairment of traditional indices of LV chamber function in native hypertensive patients, by identification of all the spatial components of myocardial deformation. We used RT3DE assessment including estimation of LV ejection fraction (EF) and shape, LV mass, and STE deformation parameters as an alternative to standard echocardiography.
Methods

Study population
The study population included new consecutive, young outpatients with uncomplicated arterial hypertension referring to the European Society of Hypertension (ESH) Excellence Center of Clinical and Experimental Medicine Department, Federico II University Hospital, from September 2010 to September 2011, and young healthy controls recruited from the personnel of our University staff and their relatives within a screening programme for primary cardiovascular prevention. Arterial hypertension was defined according to the current ESHEuropean Society of Cardiology recommendations.
14 To be eligible, patients had to be newly diagnosed, never treated, and ≤45 years old (the latter criterion adopted also for healthy controls). Subjects were excluded from the study if they had poor echo quality (inadequate 3D full-volume acquisition or analysis). Eighty-four subjects were initially evaluated. After exclusions (five hypertensive patients and three healthy controls), the study population consisted of 38 hypertensive patients and 38 healthy controls. All the participants gave their written informed consent.
Procedures
Standard echo-Doppler examinations were performed using a 2.5 transducer with harmonic capability and RT3DE data set acquisition of the left ventricle obtained using a 3D volumetric transducer of a Vivid E9 ultrasound machine (GE Healthcare, Horten, Norway). At the end of echocardiographic examination, heart rate (HR) and blood pressure (BP) (average of three measurements by a cuff sphygmomanometer) were recorded.
Standard echo-Doppler examination
2D and Doppler standards of our laboratory have been previously described. 15 The quantitative analysis of the left ventricle was performed as recommended. 1 2D LV EF was derived from LV enddiastolic and end-systolic volumes (average of the measurements in apical four-and two-chamber views) calculated according to the modified Simpson rule. LV mass was calculated by 2D-guided M-mode imaging using the Devereux and Reichek formula and indexed for height powered to 2.7. Left atrial volume (area-length method, average of measurements in apical four-and two-chamber views) was indexed for body surface area. 1 Transmitral Doppler inflow and tissue pulsed Doppler were recorded in the apical four-chamber view. The average of the peak early diastolic relaxation velocity (e ′ ) of the septal and lateral mitral annulus was computed and the ratio of the transmitral peak early velocity (E) to average e ′ (E/e ′ ratio) calculated as a reliable estimate of invasively determined LV filling pressure. 16 
Real-time 3D echocardiography
A full-volume scan was acquired by harmonic imaging from an apical approach, using a frame rate (in volume per second) higher than 40% of the individual heart beat in order to increase the possibility that the 'speckles' could be recognizable in successive frames. Accordingly, four electrocardiogram-gated consecutive beats were acquired during end-expiratory apnoea (multi-beat acquisition) to generate the full volume from single-beat sub-volumes. The quality of acquisition was verified in each patient, before storing the volume data set, by selecting a 12-slice display mode available on the machine to ensure the entire LV cavity and wall were included in the full volume ( Figure 1 ). When the acquisition was considered suboptimal, the data set was re-acquired.
Data sets were stored digitally in raw data format and exported to a separate workstation (Echopac, PC 110.1.1, GE Healthcare) equipped with a commercially available software (4D Auto LVQ software, GE Healthcare) for off-line analysis of LV volumes, EF, LV mass, and 3D STE deformation parameters. LV analysis was performed according to a previously described methodology. 17 It included the following steps:
(i) automatic slicing of the full LV volume data set; (ii) alignment by pivoting and translating the four-chamber plane (aligning one plane automatically changes the other); (iii) automated identification of the endocardial border both at enddiastole (LV end-diastolic volume) and end-systole (LV endsystolic volume) with manual adjustment of endocardial borders when the automated tracing was considered insufficient (manually corrected AutoLVQ); (iv) final quantitative analysis and data display.
By the reported approach, the sphericity index [ratio between the measured LV end-diastolic volume and the theoretical spherical volume obtained from the end-diastolic long-axis dimension (LAD) as 4/3 × p × In addition, recent developments of the software were applied to calculate the LV mass and strain . 18 LV mass [(LV epicardial volume 2 LV endocardial volume) × 1.05] was estimated at end-diastole using automated border detection with optional manual adjustment. RT3DE-derived LV mass was indexed for height powered to 2.7. 1 3D strain is a post-processing tool that tracks 'speckles' in a 3D image from frame to frame in any of the three dimensions over time. By this software, the borders defined in the LV mass stage are propagated to end-systole, using the conservation of mass as a restriction, and used to define a region of interest (ROI) encompassing the LV myocardial wall. All areas inside the ROI (i.e. from the endocardium to the epicardium) are tracked. The quality of each match is automatically calculated and detected outliers are removed before obtaining weighted spatial averaging of the results. From the tracking results regional and global directional strains (longitudinal, circumferential, and radial) as well as the area strain can be generated and presented as strain curves and a colour-coded 17-segment bull's eye plot ( Figure 3 ). Contrary to directional strains, which are calculated from changes of distance in their respective directions, the area strain (AS) is a measure of the relative % change in the area of a given myocardial segment, thus representing the percentage change of the myocardial surface from its original dimensions ( Figure 4 ).
18
AS is defined as
where A is the instantaneous segmental area and A 0 is the end-diastolic area.
Radial strain (RS) is defined as
where R and R 0 are the instantaneous and end-diastolic wall thickness, respectively. Assuming volume conservation, RS was estimated from the segmental areas as
Global longitudinal strain (GLS), global circumferential strain (GCS), global area strain (GAS), and global radial strain (GRS) were calculated as weighted averages of the regional values from the 17 myocardial segments. Using the software, two subsequent quality checks were performed during the analysis. The first tracking quality check is automatic: since the heart beats in a cyclic manner and the strain values are expected to be zero both at the start and end of the heart cycle, the algorithm automatically rejects myocardial segments that show a drift of more than 12% points. The second tracking quality check was performed by visual inspection of the tracking and myocardial segments and manual rejection of suboptimal tracking. The results of the rejected segments were then removed and excluded during calculation of global strain values. If more than three segments were rejected, Figure 1 Twelve slice display of full-volume acuisition: nine short axis views (three basal, three middle, and three apical of the left ventricle) and three apical views (four-chamber, two-chamber and long-axis). By selecting 12-slice display mode available on the machine, the operator can be sure the entire left ventricular cavity and wall are included in the full volume before storing the volume data set. Figure 3 By using the novel advancement of AutoLVQ software, regional longitudinal, circumferential, and radial strain as well as area strain are generated and presented in both (regional and average) strain curves and colour-coded 17-segment bull's eye plot. Colour lines refer to regional strain; white dotted line is global (average) strain. Curves of longitudinal strain, circumferential strain, and area strain are negative (sign 2), whereas curves of radial strain are positive (sign +). GAS, Global area strain; GCS, Global circumferential strain; GLS, Global longitudinal strain; GRS, Global radial strain. Area strain in arterial hypertension global strain values were not calculated. In the present study, patients with ≥3 rejected segments were excluded from statistical analysis.
Statistical analyses
Statistical analysis was performed by SPSS package, release 12 (SPSS Inc, Chicago, IL, USA). Data are presented as mean values + SD. Reproducibility analyses (intra-and inter-observer variability) were performed by calculating intra-class correlation coefficients (rho). Bland -Altman plot between inter-observer difference and average value was generated for GAS. Comparison between groups was obtained by one-factor analysis of variance and x 2 distribution with computation of the exact P-value by the Monte-Carlo method. Least squares linear regression was used to evaluate univariate and multivariate correlates of a given variable. Multiple linear regression analyses were used to identify the independent correlates of 3D strain components. The null hypothesis was rejected at P ≤ 0.05.
Results Table 1 summarizes both intra-and inter-observer variability of the main RT3DE parameters in 25 subjects (15 normotensives and 10 hypertensives): the intra-class relation coefficients ranged between 0.803 and 0.917, thus showing excellent reproducibility. A BlandAltman plot of the GAS inter-observer difference is depicted in Figure 5 : the magnitude of agreement between the two observers is very good. The characteristics of the study population are listed in Table 4 . The EDV, ESV, SV, CO, EF, and sphericity index did not differ significantly between the two groups. 3D LV mass and LV mass index (LVMi) were Rho is the intra-class coefficient. EF, Ejection fraction; GAS, Global area strain; CGS, Global circumferential strain; GLS, Global longitudinal strain; GRS, Global radial strain; LV mass. greater in hypertensive patients than in healthy controls (all P , 0.0001). LV mass was significantly lower by RT3DE than by M-mode (220.6 + 13.5 g, P , 0.0001) (data not in the table). GLS, GAS, and GRS (all P , 0.0001) were significantly reduced in hypertensive patients, while GCS was similar between the two groups. Table 5 summarizes the univariate relations of 3D-derived strain in the pooled population. Among the strain components GAS showed the strongest associations with BP and RT3DE-derived LV mass. Figure 6 displays the scatterplot between GAS and both mean BP and LVMi.
The results of separate multivariable regression analyses performed to test the independent relation of 3D strain components in the pooled population are reported in Table 6 . Among the different 3D strain components, GAS showed the best independent associations with mean BP (b ¼ 20.502, P , 0.0001) and LVMi (b ¼ 20.385, P , 0.001).
Discussion
The present study examined LV structure and systolic function in newly diagnosed hypertensive patients by an RT3DE assessment of LV volumes, mass, and strain components. To the best of our knowledge, this is the first study to use this quantitative approach as an alternative to standard echocardiography in native arterial hypertension. This new approach confirms the increase of the LV mass detectable also by standard echocardiography but allows an additional, reliable detection of early myocardial deformation abnormalities. It is worthy of note that these abnormalities involved GLS, GRS, and GAS and were evident in patients without LV hypertrophy and with only minor changes of the LV geometry and normal EF. All the parameters obtained by RT3DE had very good reproducibility and therefore appear sufficiently reliable to be used in the setting of hypertensive patients.
In current clinical practice standard 2D echocardiography is the elective tool to diagnose changes of the LV geometry, corresponding to LV concentric remodelling and concentric or eccentric hypertrophy in uncomplicated arterial hypertension. Area strain in arterial hypertension can easily provide additional insights. Several studies have successfully compared RT3DE with cardiac magnetic resonance for the assessment of the LV mass in multiple clinical settings. 20 -28 Our findings extend these results demonstrating the ability of RT3DE in detecting even a mild increase of the LV mass in new-onset arterial hypertension where the patients are too young to produce evidence of clear-cut LV hypertrophy. It is noteworthy that RT3DE estimation of the LV mass is very advantageous since it does not depend on any geometric assumption of the left ventricle and is relatively operator-independent owing to its semi-automatic approach. 29 The assessment of the different components of myocardial deformation in hypertensive patients has been performed recently by using 2D STE. Longitudinal strain was found to be reduced when the EF and both radial and circumferential strain are still normal. 8 These changes become even more evident in the presence of LV hypertrophy. 9 The alteration of hypertensive longitudinal strain is reported to be associated with LV diastolic abnormalities, 8 as a possible consequence of alteration in collagen turnover and development of myocardial fibrosis. 10 Compared with 2D STE, RT3DE-derived STE presents a number of advantages. Detection by 2D STE on a single tomographic plane is impaired by out-of-plane motion, while RT3DE-derived STE can track motion of the speckles irrespective of their direction, as long as they remain within the selected scan volume, 7 an aspect that might be particularly relevant in the quantification of radial strain. While the early impairment of 3D GLS and the preservation of GCS in the early stages of hypertensive heart disease are consistent with previous findings obtained by 2D STE, 8 the reduction of 3D GRS is discordant with 2D STE findings. 8, 9 This discrepancy is attributable to the substantial approximation in the assessment of 2D GRS. By using the 2D approach, GRS is less robust and reproducible than GLS and GCS, 30, 31 because of the need to evaluate multiple levels (basal, mid, and apical short-axis view) in different heart beating, and the different impact of the undetectable third displacement vector. 32 In contrast, RT3DE-derived STE does not have the limitation of being calculated on arbitrary slices, 7 which could lead to the very acceptable reproducibility of GRS measurements showed in the present study. However, further studies are needed to confirm this finding in larger sample sizes of hypertensive cohorts. Another important and new finding of the present study is represented by the evidence of impaired GAS in our young native hypertensive patients. GAS is a new 3D STE index which corresponds to the percentage change of the myocardium from its original dimensions 18 and allows a relatively operatorindependent quantitative evaluation of global and regional LV function. The regional area strain has been demonstrated to have the capability of exploring regional wall motion abnormalities more accurately than visual assessment. 33 GAS correlates very well with both EF and wall motion score index, 34 identifies mechanical dyssynchrony, 13 and responds to cardiac resynchronization therapy. 35 In the present study GAS confirmed a good association with EF but was also the strain component to show the most significant independent association with the degree of BP and the magnitude of LVMi. GAS appears therefore as a comprehensive functional parameter that is influenced by both afterload and LV mass, i.e. two major recognized factors affecting a hypertensive heart. Of note, a stronger negative association between LV mass and GAS could not be expected in the present population, which included native young hypertensive patients without clear-cut LV hypertrophy.
Limitations
Despite the operator-independency in reading performance, RT3DE assessment of LV structure and function can be influenced by the quality of basic ultrasound imaging and requires some technical skills in order to encompass the whole of the LV cavity and wall while maintaining an adequate frame rate during the fullvolume acquisition. The feasibility of RT3DE in the present study was very high in both the pooled population (8 exclusions on originally 84 screened patients: 90.5% feasibility) and in the hypertensive setting (5 exclusions on 43: 88.4% feasibility) of the present study. However, the recruited patients were young and none had clear-cut LV hypertrophy. This approach could become more difficult in hypertrophic hearts and has therefore to be verified in patients with a higher degree of LV mass. Another limitation corresponds to the lack in comparison of 3D strain data derived from the equipment and software we used with different echocardiographic machines with similar capabilities (inter-vendor or machine-to-machine variability). 3D STE-derived LV deformation parameters have been recently demonstrated to be highly vendor dependent. 36 This is a relevant issue because reasonable levels of reproducibility and vendor independence are crucial requirements for this methodology to become unquestionably useful in the clinical setting.
Perspectives
A novel approach by real-time 3D echocardiography-as we show in the present study-can be useful to characterize the features of early functional abnormalities and their determinants in the hypertensive heart. The global area strain is a comprehensive parameter of myocardial systolic deformation and is very sensitive to both changes of afterload and LV mass. Further studies are needed to characterize mechanically this new index of LV function and to verify whether the reported modifications can be offset by antihypertensive therapy.
